The tetanic and single twitch responses of the adductor pollicis muscle were used to study the neuromuscular effects of neostigmine in 26 patients anaesthetized with thiopentone and nitrous oxide. Neostigmine 2.5 mg i.v. given 5 min after exposure to halothane antagonized non-depolarizing neuromuscular block, whereas a second dose given 2-5 min later depressed the peak tetanic contraction and re-established tetanic fade. In the absence of halothane the second dose of neostigmine had less effect. Recovery of the single twitch was not impaired by the second dose. A single dose of neostigmine 5 mg rapidly antagonized the competitive block of the tetanic response but the subsequent slight depression of the peak contraction and the brief reappearance of fade were less than after 5 mg given in two doses of 2.5 mg. In patients who were not given neuromuscular blocking drugs, one or two injections of neostigmine 2.5 mg caused a substantial reduction in the peak tetanic contraction and severe tetanic fade which persisted for about 20 min; the single twitch was slightly potentiated. The neostigmine block of the tetanic response could be antagonized by gallamine and potentiated by suxamethonium. These findings indicate that neostigmine in clinical doses can produce an acetylcholine-induced block which would be a potential hazard in anaesthetic practice.
Although the potential neuromuscular blocking properties of neostigmine have been known for many years (Briscoe, 1936; Goodman and Gilman, 1956; Blaber and Bowman, 1963) , no quantitative assessment of this effect has been described in man. In a previous study we demonstrated that halothane potentiated the neuromuscular block caused by nondepolarizing drugs and that it was reversed by neostigmine (Hughes and Payne, 1979) . However, we also found that although the block was antagonized by a first dose of neostigmine, a subsequent dose of the anticholinesterase enhanced the block. Accordingly, we decided that this interesting observation deserved further investigation and the present work was undertaken to obtain a quantitative assessment of this drug interaction in man.
METHODS
Studies were performed, after informed consent had been obtained, on 26 patients about to undergo elective urological surgery. No premedication was given and anaesthesia was induced with thiopentone 300-600 mg i.v.; some patients were also given halothane 2-4%. Intubation of the trachea was performed without the use of a neuromuscular blocking agent after the larynx had been sprayed with lignocaine 4%. Where appropriate, halothane was then discontinued and anaesthesia maintained with a mixture of nitrous oxide 60-75% in oxygen given by intermittent positive pressure ventilation; supplements of thiopentone 100-200 mg and pethidine 50-150 mg were given as required. Simultaneous recordings of tetanic and single twitch contractions of the adductor pollicis muscles were made as described previously (Sugai, Hughes and Payne, 1975) . Each ulnar nerve was stimulated supramaximally at the wrist every 12 s with rectangular pulses of 200 fis duration, one nerve at 50 Hz for 1 s and the other with single pulses.
In one series of experiments halothane 2% was administered after i.v. neuromuscular blocking doses of tubocurarine 0.1-0.24 mg kg" 1 , dimethyl tubocurarine 0.075-0.1 mg kg" 1 and gallamine 1.0-1.6 mg kg" 1 when recovery of the tetanic response had reached 50%. After 5 min when the peak height of the tetanic contraction was reduced and tetanic fade was increased by halothane, neostigmine 2.5 mg was given i.v. preceded by atropine 1.2 mg. Two to five minutes later, while the administration of halothane continued, a second dose of neostigmine 2.5 mg was given. Groups of three patients were used for each neuromuscular blocking drug studied.
In a second series of experiments halothane was omitted and the first dose of neostigmine was administered when recovery from neuromuscular blockade had reached 50%; a second dose of neostigmine was administered 2 min later. Groups of two patients were used for each neuromuscular blocking drug studied.
Similarly, two patients received a single i.v. dose of neostigmine 5 mg, preceded by atropine 1.2 mg, one during recovery from neuromuscular paralysis by dimethyl tubocurarine 0.075 mg kg" 1 and the other after gallamine 1.0 mg kg" 1 when paralysis had been enhanced by halothane 2%.
Finally, nine patients, who were not given neuromuscular blocking agents, received up to three i.v. injections of neostigmine 2.5 mg preceded by atropine 1.2 mg. Four of these patients were subsequently given gallamine 10 mg i.v. and two patients received suxamethonium 0.3 mg kg"
1 .
RESULTS
In each group of three patients simultaneous recordings of the tetanic and twitch responses showed that after tubocurarine, dimethyl tubocurarine and gallamine, administration of halothane 2% caused an immediate increase in tetanic fade with a reduction in the peak height of the tetanic contraction. These effects were readily antagonized by neostigmine 2.5 mg i.v., but reappeared and were often enhanced by a second dose of anticholinesterase given 2-5 min later while the administration of halothane was continued ( fig. 1) . Recovery of the twitch response was unaffected by halothane; it was usually maximal when the first dose of neostigmine was given, and was not impaired by the second dose. Recordings taken at the same time, but at a faster paper speed, show more clearly the effects on tetanic fade Tracing from an anaesthetized patient recorded at a faster paper speed showing that, after neuromuscular blockade by dimethyl tubocurarine and in the presence of halothane 2%, a first dose of neostigmine 2.5 mg restored the peak height of the tetanic contraction and abolished the fade, whereas following a second dose of neostigmine given 5 min later the peak height was greatly reduced and the tetanic fade was virtually complete.
in the absence of halothane. Groups of two patients were used for each drug. Tetanic fade is denned as the rapid "fall off" of the tetanus from the peak height to a level at which it "holds" until the end of the stimulus. Our method of obtaining a quantitative assessment of this effect has already been described (Hughes and Payne, 1979) .
The mean results obtained in the three groups of three patients who also received halothane 2% are summarized in table I. In each patient and for each neuromuscular blocking drug studied, the first dose of neostigmine restored the peak contraction height and abolished the tetanic fade, whereas a second dose of neostigmine given 2-5 min later reduced the peak contraction and re-established the tetanic fade.
Similarly, in those patients who were not given halothane (table II) tie first dose of neostigmine was antagonistic. However, the depression of the peak contraction height and the extent of the tetanic fade following a second dose of neostigmine was usually less than in those patients who received halothane 2%.
In one patient, a single dose of neostigmine 5 mg was given after a neuromuscular blocking dose of gallamine 1.0 mg kg" 1 in the presence of halothane. Although an immediate antagonism occurred, some tetanic fade (21%) with a slight depression of the peak contraction was evident about 4 min after the administration of neostigmine. Another patient given a single dose of neostigmine 5 mg during recovery from neuromuscular blockade by dimethyl tubocurarine 0.075 mg kg" 1 in the absence of halothane showed a similar response (fig. 3) ; again, the rapid antagonism of the tetanic response was followed by a transient reduction in peak height. The lower tracing recorded at a faster speed shows the brief reappearance of some tetanic fade. The single twitch (not illustrated) showed only the initial antagonism. However, in both instances, the blockade produced by a single dose of neostigmine 5 mg was less than that produced by two doses of 2.5 mg. A final group of nine patients, who were not given neuromuscular blocking drugs, received up to three injections of neostigmine 2.5 mg. In five patients a single injection of neostigmine 2.5 mg was sufficient to block the tetanic response partially. In the remaining four patients a second dose of neostigmine 2.5 mg was required to produce a substantial reduction in the peak height of the tetanic response which persisted for about 20 min. A typical recording is seen in figure 4 . The lower tracing recorded at a fast speed shows that the degree of fade was so marked that the tetanic response was virtually converted to a single twitch. The single twitch itself (not shown) was unimpaired and in fact was slightly enhanced. In two of these four patients a third injection of neostigmine was given with a scarcely perceptible additional effect.
A further important observation was that gallamine antagonized the block caused by neostigmine. This figure 7 but at a faster paper speed, shows that the complete tetanic fade which occurred after the two doses of neostigmine 2.5 mg was almost entirely abolished by gallamine 10 mg.
effect was seen in all four patients who were given the drug in the presence of neostigmine block ( fig. 5 ). The first dose of neostigmine 2.5 mg produced a reduction in the peak contraction of the tetanic response which became more marked after a further dose of 2.5 mg; the single twitch was potentiated. Blockade of the tetanic response was rapidly antagonized by gallamine 10 mg, whereas a further dose of 10 mg produced a small transient depression. In contrast, the two doses of gallamine 10 mg progressively reversed the initial potentiation of the single twitch. Figure 6 , recorded at faster speed, shows that the complete tetanic fade which occurred after the two doses of neostigmine 2.5 mg was almost entirely abolished by gallamine 10 mg. Finally, two patients in this group were given suxamethonium 0.3 mg kg" 1 after neuromuscular block had been established with neostigmine. In both instances the block of the tetanic response was potentiated by suxamethonium ( fig. 7 ) and in each case the subsequent recovery was slow. Fasciculations preceded the block on the single twitch which recovered more slowly than normal.
DISCUSSION
These studies in anaesthetized man have substantiated the early work of Briscoe (1936 Briscoe ( , 1937 who showed in cats that neostigmine and physostigmine rapidly depressed the muscle responses to high rates of stimulation and that these muscle responses became twitch-like in character. Furthermore, Briscoe (1938) also reported that these effects of anticholinesterase drugs could be abolished by curare and our observation that gallamine will reverse neostigmine block confirms her claim.
In our studies neostigmine was given to one group of patients in whom the recovery from neuromuscular block by non-depolarizing drugs had been reversed by exposure to halothane. In these patients paralysis of the tetanic responses of the adductor polhris muscle was antagonized by a first dose of neostigmine 2.5 mg, whereas a second dose, given a few minutes later, reduced the peak height of the tetanic contraction and produced tetanic fade. The study was repeated without halothane when a second dose of ncostigmine was usually less effective than in those patients who were also receiving halothane. This difference is not surprising because we have demonstrated previously that halothane itself, in the presence of a competitive blocking agent, will depress the peak tetanic contraction and increase tetanic fade (Hughes and Payne, 1979) .
The question then arose whether or not a single dose of neostigmine 5 mg would produce a similar effect as the same amount in two doses of 2.5 mg when given during recovery from blockade by competitive agents and in the presence or absence of halothane. In both instances, after the immediate antagonism by neostigmine 5 mg, there was a transient reduction in the peak height of the tetanic contraction and a brief reappearance of tetanic fade. However, these effects were substantially less than those produced by 5 mg given in two doses of 2.5 mg.
Since the neuromuscular paralysing action of neostigmine in the presence of a competitive blocking agent was more marked when given in divided doses, it is possible that the tetanic response had fully recovered after the first dose of neostigmine 2.5 mg, so that the second dose was acting on normal unblocked muscle. When this hypothesis was tested in patients who were not given neuromuscular blocking drugs, one or two doses of neostigmine 2.5 mg produced a substantial reduction in the peak height of the tetanic contraction which persisted for about 20min. The tetanic fade was so marked that this response had now virtually become a single twitch. Furthermore, we found that the neostigmine block could be antagonized by a small dose of gallamine and potentiated by suxamethonium, the action of which was also prolonged. These findings provide evidence that neostigmine, in sufficient dosage, will produce an acetylcholine-induced block of the tetanic response in anaesthetized man. The preserved acetylcholine will accumulate at the muscle end-plate and produce a depolarization block.
Tetanic fade produced by anticholinesterases is associated with a marked inhibition of acetylcholinesterase (Barnes and Duff, 1953) . The end-plate potentials are prolonged and during high frequency nerve stimulation they summate and block the neuromuscular function by a persistent depolarization of the postsynaptic membrane. It is worth noting that anticholinesterase drugs also have a facilitatory action on the motor nerve terminal (Riker and Standaert, 1966) which would further increase the acetylcholine available at the muscle end-plate. Furthermore, it is likely that such prejunctional events would be more evident when the motor nerve terminals are fully activated and when the acetylcholine reserves are fully mobilized as during tetanic stimulation. It is also possible that an initial excessive release of acetylcholine produced by an anticholinesterase drug would rapidly exhaust the available transmitter which may in part account for the transmission failure (Blaber and Bowman, 1963) . No doubt each of these factors contributed to our observation that neostigmine depressed the peak tetanic contraction and caused severe tetanic fade in anaesthetized man.
In contrast, it was intriguing that the responses of the single twitch were in fact potentiated by one or two doses of neostigmine 2.5 mg and that gallamine restored the single twitches to their initial contraction height This feature illustrates the genuine differences between the tetanic and single twitch responses. The potentiation of the single twitch response by neostigmine may be explained by the fact that anticholinesterase drugs at low frequencies of stimulation produce a short burst of muscle action potentials (repetitive firing) so that the muscle now responds as if stimulated at a higher frequency and the twitch tension increases (Brown, Dale and Felding, 1936; Brown, 1937) . The increased availability of acetylcholine at the muscle end-plate, mainly as a result of inhibition of acetylcholinesterase and partly as a result of an increased release of the transmitter from the motor nerve terminals, would augment and prolong the end-plate potentials and lead to repetitive firing of the muscle fibres as described by Eccles, Katz and KufHer (1942) . However, the amount of acetylcholine available, unlike that after high frequency tetanic stimulation, is insufficient to produce a depolarizing neuromuscular block. Nevertheless, it must be emphasized that tetanic stimulation provides the more physiological response since breathing and contractions of skeletal muscles are activated by tetanic trains of stimuli rather than by single pulses.
It is not immediately clear why gallamine should antagonize the neuromuscular blocking action of neostigmine, but the fact that the fade in the tetanic response was so rapidly reversed by gallamine might imply that the drug was competing with the excess acetylcholine for the appropriate receptors and this interpretation is supported, if the earlier argument is accepted, by the restoration to control height of the intensified twitch response, and the enhancement of the ncostigmine block by suxamethonium gives further substance to this explanation.
It may be concluded from our results that neostigmine, in clinical doses, could be a potential hazard in anaesthetic practice. Obviously, the critical factors are the total dose of neostigmine administered and the degree of recovery achieved when the drug is given to reverse paralysis. Clearly, if recovery of the tetanic response has reached about 50%, then a single 2.5-mg dose should be sufficient to provide adequate reversal. If a larger dose of neostigmine is required for complete antagonism of a deeper block, then a single dose of 5 mg may be preferable to two doses of 2.5 mg.
However, when full recovery has been achieved, a further dose of neostigmine 2.5 mg could be hazardous because a prolonged depolarizing block with apnoea could ensue. Moreover, it is possible that instances of residual curarization after apparent inadequate reversal may have been attributable to overdosage with neostigmine.
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BLOCAGE NEUROMUSCULAIRE APRES ADMINISTRATION DE NEOSTIGMINE CHEZ LES ANESTHESIES

RESUME
Les reactions titaniques et de contraction unique du muscle adducteur du pouce ont servi a l'etude des effets neuromusculaires de la neostigmine sur 26 patients anesthesies a l'aide de thiopentone et de protoxyde d'azote. L'administration intraveineuse de 2,5 mg de neostigmine apres exposition a l'halothane a ete a l'encontre du blocage neuromusculaire non depolarisant, alors qu'une seconde dose administree entre 2 et 5 min plus tard a deprime la contraction tetanique de crete et retabli le "fading'' tetanique. Sans halothane, la seconde dose de neostigmine a eu moins d'effet. La recuperation a la suite de la contraction unique n'a pas ete affectee par la second dose. Une seule dose de 5 mg de neostigmine s'est rapidement opposee au blocage competitif de la reaction tetanique, mais la legere depression ulterieure de la contraction de Crete et la breve reapparition de "fading" ont ete moins prononcees qu'apres radministration de 5 mg en deux doses de 2,5 mg. Chez les patients n'ayant pas recu d'agents de blocage neuromusculaire, une ou deux injections de 2,5 mg de neostigmine ont considerablement reduit la contraction tetanique de crfite mais cause un "fading" tetanique grave qui a dure pendant environ 20 min; la contraction unique a ete legerement activee. Le blocage de la reaction tetanique par la neostigmine peut etre oppose par la gallamine et active par le suxamethonium. Les resultants de ces etudes font ressortir que la neostigmine administree en doses cliniques peut 6tre a l'origine d'un blocage provoque par Pacetylcholine, lequel pourrait presenter un risque eventuel en anesthesie. 
BLOQUEO NEUROMUSCULAR POR NEOSTIGMINA EN HOMBRE ANESTESIADO
SUMARIO
Se usaron las respuestas contraccional unica y tetanica del musculo aductor del pulgar para estudiar los efectos neuromusculares de la neostigmina en 26 pacientes anestesiados mediante tiopentona y 6xido nitroso. Con 2,5 mg i.v. de neostigmina administrados despues de la exposici6n al halotano, se antagonizo al bloqueo neuromuscular nodepolarizante, mientras que mediante una segunda dosis administrada 2-5 min despues, se deprimi6 la contracci6n tetanica tope y se restableci6 la debilitacidn tetanica. Al no usarse halotano con la segunda do~is, esta tuvo efectos menores. La recuperaci6n de la contracci6n \inica no fue afectada negativamente por la segunda dosis. Una dosis unica de 5 mg de neostigmina antagonize rapidamente al bloqueo competitivo de la respuesta tetanica, pero la ligera depresi6n consecutiva de la contracci6n tope y la breve reaparici6n de la debilitacidn fueron menos fuertes que despues de la administraci6n de 5 mg en dos dosis de 2,5 mg cada una. En los pacientes a quienes no se administr6 substancias bloqueadoras neuromusculares, una o dos inyecciones de 2,5 mg de neostigmina causaron una reducci6n substancial de la contracci6n tetanica tope y una debilitaci6n tetanica severa que dur6 por 20 min aproximadamente; aument6 la potencia de la contraccibn unica de manera debil. Se podia antagonizar al bloqueo de la respuesta tetanica por neostigmina mediante galamina y aumentarlo con suxametonio. Estos resultados indican que la neostigmina en dosis clinicas puede producir un bloqueo inducido por acetilcolina, lo que constituirla un riesgo potencial en la anestesia.
